The present study was carried out under artificial rainfall conditions to determine the details of rainfall effect on a DBM population on cabbage. Although most DBM eggs laid on the upper leaf surface were washed off with precipitation of 17.3 mm in 1 h with drops of 2.5 mm in diameter, few eggs laid on the lower surface were washed off. Under the same rain conditions as for the eggs, the falling rate of larvae decreased with advancing larval stadium except for the 1st larval stage. The number of falling larvae increased with increasing treatment time, and the effect reached a ceiling in about 1 h. With increasing time of exposure to hard rain, there occurred a similar increase in the falling rate of DBM larvae. Even after 1 h of steady rainfall, complete removal of the larvae was not achieved. When either the density of droplet was increased or the period of rain was extended, the falling rate for 3rd stadium larvae increased. When droplet diameter increased and the total amount of rainfall remained constant, there was an increase in the number of fallen larvae.
INTRODUCTION
The diamondback moth (DBM), Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae), is one of the most serious pests of crucifer crops worldwide (Miyata et al., 1982; Talekar and Yang, 1991; Miura et al., 1994) . In Japan, it has been the most serious pest of cabbage, Japanese radish and Chinese cabbage since 1965 (Koshihara, 1986; Ohbayashi et al., 1990) . Since farmers generally rely on insecticides to control DBM, the development of resistant strains has become a problem in many countries (Sivapragasam et al., 1988; Tabashnik et al., 1990; Talekar and Shelton, 1993) .
Previous studies of population dynamics of DBM based on the life table analysis have revealed that many DBM larvae were killed in the early stages (Harcourt, 1963; Iga, 1985; Sivapragasam et al., 1988) , but, the main factor was different in each study. Iga (1985) suggested that natural enemies played an important role in regulating DBM populations. However, Harcourt (1963) and Sivapragasam et al. (1988) focused on the effects of rainfall on DBM populations. Wakisaka et al. (1991) developed a life table analysis of DBM and used water sprinkling in order to evaluate the effects of precipitation on DBM eggs on the surface of leaves. Their results showed that the wash-off of eggs and larvae due to the direct impact of rain, and the drowning of young by after rains were the major causes of mortality of DBM. Although their study has broadly explored effects of precipitation on DBM, it did not adequately cover rain quality (precipitation and drop size). In this paper we examine DBM mortality under artificial rainfall conditions to determine the effect of rain quality (time period, volume of rainfall and drop size) on the DBM population.
MATERIALS AND METHODS
Rearing of DBM. Larvae of the DBM were reared on radish sprouts in plastic cups (9 cm diameter and 5 cm height). To prevent excessive humidity inside the cup, a hole (2 cm diameter) sealed with cotton was made in the center of the lid. Immature stages of DBM were reared in an incubator at 25Ϯ1°C, 50Ϯ10% RH and 16L : 8D condition. The adults were reared in cages (34ϫ34ϫ25 cm) and an 8% honey/water solution in a small plastic cup was offered in each cage for prolonging their lives. The adults were also offered Chinese cab-bage plants in glass vials for egg laying. The eggs laid on the plants' surface and parafilm were collected daily for further culture. The cages were placed in a rearing room at 22Ϯ2°C and a 16L:8D photoperiod.
Effect of artificial rainfall treatment on immature stage of DBM. Three cabbage plants of cultivar 'Kinkei 201' with 6 to 8 leaves were placed in the adult DBM rearing cage and left for 24 h to allow time for egg laying. Over 3 h from the time the plants were removed from the cage, a hard rain was simulated (17.3 mm/h with drops of 2.5 mm in diameter; a similar value to the maximum rainfall 1 h at the Funabashi Weather Station, Chiba Prefecture, on July 2002) by using a DIK-6000-S (Daiki) artificial rainfall machine. Eggs on both sides of leaves were counted before and after treatment.
Thirty each of 2nd, 3rd and 4th instars were placed, on cabbage plants (each stadium on a separate plant) at the 6 to 8 leaf stage. Each treatment was replicated five times. Since the 1st stadium larvae begin mining into the leaves several hours after hatching, experiments were then conducted on both the mining larvae and larvae which were distributed on new cabbage leaves just prior to treatment. Simulated rain as described above was carried out and the numbers of fallen larvae were counted.
Fourth instars were distributed on seedling leaves and allowed to pupate three days before the experimental treatments. The larvae which had not pupated were removed and the remaining pupae were subjected to the same treatment conditions as the eggs and larvae in the previous experiments. Afterwards, the fallen pupae were counted.
Effects of simulated rainfall time period, volume of rainfall, and rain drop size on DBM larvae. Ten 3rd instars were placed on six to eight leaf cabbage seedlings. Ten series of rain treatment of 5.77 to 31.72 mm/h with a drop size of 2.5 mm were carried out for 1 h. Treatments started 1 h after larvae released. Each treatment was repeated three times.
Another set of treatments was performed with a different time period between 1 to 120 min under the conditions of 2.5 mm drop size and 17.3 mm/h. Each time period treatment was repeated five times consecutively.
The time period of 1 h and rain volume of 17.3 mm/h remained constant with variation in rain drop size of nine gradations from 1.7 to 2.9 mm. Each treatment was repeated three times with 10 larvae per plant and falling rates for larvae were determined.
All data were analyzed by logistic regression using the statistical program JMP 4.05J (SAS Institute, 2001 ).
RESULTS

Effect of artificial rainfall treatment on immature stage of DBM
Falling rate of eggs was significantly higher on the upper surface than on lower surface of cabbage leaves (chi-square test, pϽ0.01; Table 1 ). After collecting the fallen eggs, and placing them on cabbage leaf discs to determine their hatching rates, only about 20% of the collected eggs were found to hatch.
In the case of 1 h of simulated rain (17.3 mm/h with drops of 2.5 mm in diameter), the following falling rate results were obtained: 95.3% for 1st instars, 72.7% for 2nd instars, 60.7% for 3rd instars and 42.7% for 4th instars, indicating a decrease in falling incidence as the larvae advanced through the stages of maturity (Scheffe's test after KruskalWallis test, pϽ0.05; Table 2 ). Also detected was an immediate movement of larvae to the lower surface of the leaves as soon as rainfall treatments were commenced. There was only a falling rate of 4.1% in 1st instars which had already proceeded to mine into the leaves, showing that rainfall had a negligible effect on falling rates for mining larvae (chisquare test, pϽ0.01). After rainfall treatments, those larvae that had dropped off the leaves and were still alive were collected and raised for further experi- mental analysis. Most of the 1st and 2nd instars that were found after treatment had died as a result of the exposure to the artificial rain. None of the 1st and 2nd instars that fell from the leaf surfaces during the rainfall treatments were able to return to positions on the cabbage leaves. However, among the 3rd and 4th instars that were knocked off the leaf surfaces, a number of larvae were able to return to positions on the leaves. Few pupae fell under the same conditions (Table  3 ). All the pupae, including the two pupae which had fallen, managed to survive and emerge as adults.
Effects of different simulated rainfall time periods, volumes of rainfall, and rain drop sizes on DBM larvae
With increasing amounts of rainfall, the falling rate for 3rd instars increased (logistic regression, pϽ0.001; yϭ1Ϫ1/{1ϩexp[0.141xϪ2.474 
]}).
When rain volume was set to less than 10 mm, the falling rate of 3rd instars from plants was 0 to 30%, but volumes of up to 20 mm produced a greater than 50% falling rate (Fig. 1) .
Under a simulated rain volume of 17.3 mm/h and drop size of 2.5 mm, the falling rate of 3rd instars increased with increasing lengths of rainfall exposure (logistic regression, pϽ0.001; yϭ1Ϫ1/ {1ϩexp[0.017xϪ0.605]}). At a treatment time of 120 min, a greater than 70% falling rate was obtained from all samples (Fig. 2) .
In set conditions of 17.3 mm/h simulated rain volume and a 1 h time period, 3rd stadium larval falling rate showed a significant increase with increasing drop size (logistic regression, pϽ0.001; yϭ1Ϫ1/{1ϩexp[1.761xϪ4.772 
Although there appeared to be a general trend toward increasing falling rate with increasing drop size, the falling rate reached a more or less stable level with more than 2.5 mm of drop size (Fig. 3) .
Rainfall Effect on Diamondback Moth 251 All treated larvae were on the adaxial side or mining into the leaves (in case of 1st instars). Artificial rain condition, see Table 1 . a For 1st instars, the difference in falling rate was examined between mining and non-mining larvae, and a significant difference was shown by chi-square test (pϽ0.01). For non-mining larvae of different stadia, Scheffe's test was conducted after KruskalWallis test. Values followed by same letters are not significantly different (pϽ0.05). Harcourt (1963) , Sivapragasam et al. (1988) and Wakisaka et al. (1991) focused on the effects of rainfall on DBM populations. Their results suggested that rain affects a DBM population, but their study has not adequately considered rain quality (precipitation and drop size).
DISCUSSION
Most of the DBM eggs were washed off in 1 h of simulated rain (Table 1 ). The following causes of egg falling are considered; direct impact by rain drops, washing off by water flowing across the leaf surfaces, and secondary impacts from drops hitting the soil and ricocheting soil and water particles back at the leaves. Wakisaka et al. (1991) used water sprinkling in order to evaluate the effects of precipitation on eggs on the surface of Broccoli leaves. Their results also showed that the wash-off of eggs was due to the direct impact of rain. Although their study has broadly explored the effects of precipitation on DBM, the condition of their trial was not realistic. Also observed were eggs falling from the leaves as a result of leaves shaking from the shock of the impacting water drops. The reasons for the low hatch rate possibly include damage from direct water drop impact, secondary impact onto soil after falling, and also damage sustained from the brush used to sweep eggs up during collection. The collective evidence indicates that there is major damage inflicted on DBM eggs during rainfall.
Larval falling rate during periods of rain dropped with advancing larval stages ( Table 2) . Those larvae that were situated on the lower leaf surfaces were also affected by an increased drop rate from the indirect collision of water drops and soil particles, as a result of water fall impact deflecting off the soil surface. It is believed that all the fallen 1st and 2nd instars were killed from exposure to the treatment. Similarly, 1st instars that managed to hatch on the substrate, from the fallen eggs are believed to have been killed. Among the fallen 3rd and 4th instars, however, approximately 40% reached adulthood. This result suggests that the drop rate of 3rd and 4th instars does not reflect actual larval mortality. To summarize, the 1st and 2nd instars received major damage from the rainfall treatments, but the possibility remains that 3rd and 4th instars were not affected to a similar extent. Pupae that were exposed to the rain conditions were unaffected in terms of mortality.
One hundred percent drop rate was not achieved even with rainfall volumes that were greater than 30 mm and sustained for a period of 1 h. This suggests that rainfall alone may not produce a total collapse of DBM population in the field. Falling rate of 3rd instars showed a corresponding increase with increasing drop size and extending treatment periods. Damage to the DBM population may be affected by these factors in a complex way.
Since our study does not take into account the exposure to natural enemies on the ground surface, the ultimate fate of fallen larvae remains unknown. After rainfall there is a sharp increase in the levels of humidity, which in consequence provides excellent conditions for parasitic fungi (e.g. Erynia blunckii) that infect the DBM larvae. This issue also warrants further investigation. Yamada and Kawasaki (1983) described the effect of humidity on the development of DBM. Their results suggested that the rates of hatching, pupation and adult emergence were not affected by the level of humidity. In addition, there is arguably a combined effect of both rainfall and wind that has yet to be researched. The synopsis of this latest study shows the effect of several basic rainfall factors on immature DBM stage falling rates and survival, nevertheless, the construction of a more complete model for the effect of rainfall on DBM drop rate and mortality on different growing stages of the cabbage such as heading is necessary. Our observations clearly suggest the importance of rainfall effect on DBM dynamics in the field, and further information on this subject should be obtained.
